A three-step synthesis of pseudoephenamine suitable for preparing multigram amounts of both enantiomers of the auxiliary from the inexpensive starting material benzil is described. The sequence involves synthesis of the crystalline monomethylimine derivative of benzil, reduction of that substance with lithium aluminum hydride, and resolution of pseudoephenamine with mandelic acid.
1
The primary disadvantage of pseudoephenamine relative to pseudoephedrine is that it is not yet commercially available. Previously, we reported a four-step synthesis of pseudoephenamine from the commercially available chiral amino alcohol 1,2-diphenyl-2-aminoethanol (the synthesis of (1S,2S)-pseudoephenamine, (À)-1, is depicted in Scheme 1).
2,3 Here we report a shorter, more facile, and readily scalable procedure for the preparation of optically pure pseudoephenamine from the inexpensive starting material benzil (2). 4 Wheatley and co-workers first described the preparation of methylimino benzil (3) by the condensation of methylamine and benzil in methanolÀwater at 50°C, reporting a yield of 84%. 5 In adapting this synthesis, we found that it is critical to use a fresh (commercial) 40 wt % solution of methylamine in water (such that the titer of the volatile methylamine reactant is accurate) and crystalline benzil as a coreactant. After the reactants are combined, we heat the heterogeneous mixture in an oil bath while stirring until an internal temperature of 50°C is achieved and all solids are dissolved. Heating is immediately discontinued at this point; upon cooling, we observed that the monoimine crystallizes from the reaction mixture. The product is (6) Hahn, W. E.; Bartnik, R.; Mloston, G. Acta Pol. Pharm. 1979, 36, 619-620. isolated in pure form by simple filtration (g88% yield, 100À600-g scale, Table 1 ). Without careful control of the reaction time and temperature, further reaction to produce bis-methylimino benzil can occur. We have established that the crystalline methylimino benzil we obtain has (Z)-geometry by NOE and HMBC NMR correlations as well as X-ray crystallography (see Supporting Information).
Two prior studies of the reduction of methylimino benzil explored the use of Raney nickel 5 and sodium borohydride 6 as reductants, and in each case ephenamine was reported to be the major or exclusive product. We are unaware of any reports of the reduction of methylimino benzil to form pseudoephenamine as the primary product. Initially, we attempted to achieve both an enantio-as well as diastereoselective reduction of monoimine 3 by exploring various chiral reductants; 7 however, in each instance we obtained only racemic ephenamine. Parenthetically, we found that mixtures of the four possible stereoisomeric amino alcohols are conveniently assayed by admixing an equimolar quantity of (S)-mandelic acid in CDCl 3 followed by 1 H NMR analysis (500 MHz). Multiple resonances are found to be well-resolved for each diastereomer (see Supporting Information). Although reduction of 3 to form racemic ephenamine was not our objective, in Scheme 2 we depict a convenient method by which we achieved this transformation with g19:1 dr. 8, 9 Based upon the promising report of the reduction in the desired sense of achiral N-aryl and N-benzyl benzil monoimines using lithium aluminum hydride (LAH), 10 we investigated the use of this reagent for the reduction of methylimino benzil.
11 In an initial experiment, reduction of methylimino benzil with LAH in THF at À78°C afforded a 4:1 mixture of diastereomeric amino alcohols favoring pseudoephenamine. Further investigations revealed that the diastereoselectivity of the reduction varied as a function of the rate of addition of LAH to the reaction mixture, and it was noted that addition of powdered LAH too quickly led to delayed exotherms. Controlled addition of LAH with a powder addition funnel prevented this and allowed an internal temperature of À70°C to be maintained. It is useful to note that exotherms more commonly occur early in the course of the reaction; thus, the rate of LAH addition may be increased as the reaction progresses. Efficient mechanical stirring of the reaction is very important, especially on a large scale, so as to prevent the aggregation of powdered LAH on the surface of the reaction mixture. In this manner, we routinely obtained racemic pseudoephenamine of 4.7À5.4:1 dr on 75À570 g scales in reproducibly high yield (>85%; see Table 2 ). As noted by Alcaide et al. in their study of the reduction of N-aryl and N-benzyl benzil monoimines, the observed diastereoselectivity of the reduction is consistent with the polar FelkinÀAhn model.
10
Direct resolution of pseudoephenamine from the mixture of diastereomers obtained in the LAH reduction was achieved with mandelic acid. We found that (R,R)-pseudoephenamine preferentially formed a highly crystalline salt with (R)-mandelic acid but not with (S)-mandelic acid. 12, 13 Beneficially, neither diastereomeric ephenamine mandelate salt crystallized in our experiments. Two procedures for the direct resolution of the LAH reduction products were developed, one with and one without stirring. Both methods yield highly diastereoenriched mandelate crystals (g19:1 dr by 1 H NMR, with no trace of either ephenamine mandelate salt) with good recovery (defined as the percent of the theoretical amount of the targeted enantiomer of Scheme 2. Hydrogenation of Methylimino Benzil To Form (()-Ephenamine a dr refers to the ratio of (()-4 to (()-1. (9) While we recognize the importance of ephenamine in asymmetric synthesis, we have made no attempt to resolve the racemic substance. pseudoephenamine). Seed crystals are typically unnecessary for these resolutions, though they will effectively initiate resolution if crystal formation is sluggish.
In the first method, a solution of pseudoephenamine mandelate in methanol was allowed to stand at À20°C for several days without stirring, producing orthorhombic crystals. One representative set of experiments demonstrating this protocol is illustrated in Scheme 3. In the optimized procedure, pseudoephenamine (10 g, 5.4:1 dr, racemic) is mixed with (S)-mandelic acid (1 equiv) in methanol (2.2 M in pseudoephenamine and ephenamine combined), and the mixture is warmed to 50°C in a 100-mL round-bottom flask to effect dissolution of the solid materials.
14 After cooling to room temperature and removing the stir bar, the base of the flask is carefully scratched with a spatula, and the vessel is transferred to a À20°C freezer to promote crystallization. After standing for several days (incubation times ranging from 2 to 10 days are typical), crystalline (S,S,S)-5 of g19:1 dr is obtained by filtration using a B€ uchner funnel. The mother liquor is concentrated, and after formation of the free base, resolution with the opposite enantiomer of mandelic acid is conducted. The pseudoephenamine mandelate salts obtained by this process serve as suitable seed crystals for later resolutions. Pseudoephenamine is isolated as the free base, and after recrystallization from hot absolute ethanol, an optically pure auxiliary is obtained (81% recovery, g99% ee; see Scheme 4). 15 The mandelic acid is also easily recovered and recycled (see Supporting Information).
Conducting resolutions of pseudoephenamine on a larger scale (>300 g) required the development of a second protocol involving gentle stirring of the cooled solution of pseudoephenamine mandelate in methanol. 16 Resolutions employing this method produce fine, powdery crystals and progress much more rapidly than those performed using the earlier protocol, with typical resolution times in the range of 2À12 h. Several rounds of resolution were routinely conducted in the time it would take to conduct a single resolution using the first method. A series of iterative resolutions conducted on a single batch of 570 g of pseudoephenamine (4.7:1 dr, racemic) demonstrate the utility of the stirring protocol to produce highly enriched mandelate crystals (g19:1 dr by 1 H NMR; see Scheme 5), providing approximately 100 g of each enantiomer of pseudoephenamine (g92% ee). Recrystallization of the auxiliary from absolute ethanol provided more than 80 g of each enantiomer of g99% ee. This protocol is our preferred method of resolving pseudoephenamine, and we have routinely performed it on large amounts of material (>300 g), although it also works well on much smaller scales (<50 g).
When pseudoephenamine is appreciably contaminated with ephenamine (<2.5:1 dr), recoveries upon resolution with mandelic acid are low. To circumvent this problem, mixtures of low dr can be diastereomerically enriched by recrystallization from methanol in the presence of a seed crystal of optically pure pseudoephenamine (Scheme 6). Scheme 3. Resolution of (()-Pseudoephenamine with Mandelic Acid at À20°C without Stirring a dr refers to the ratio of (þ)-and (À)-1 to (()-4. b dr refers to the ratio of (S,S,S)-or (R,R,R)-5 to (R,R,S)-or (S,S,R)-5, respectively.
Scheme 4. Isolation of (þ)-Pseudoephenamine a dr refers to the ratio of (R,R,R)-5 to (S,S,R)-5.
(14) We recommend the solution be filtered through a fritted funnel while warm if insoluble impurities are observed in the flask.
(15) Crystallization of pseudoephenamine is an exothermic process, and concentrated solutions of the auxiliary in volatile solvents such as ethyl ether (employed in the workup of these reactions) can produce pressure buildup in a sealed vessel if spontaneous crystallization occurs. 
